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Introduction
Nanoporous metal-organic frameworks (MOFs) constructed from metal cations and clusters bridged by polyfunctional organic linkers are an important class of hybrid materials which show great promise for gasstorage and separation applications. 1 An advantage of porous MOFs is that their design, structure and properties can be varied by modification of the organic linkers which can have different lengths, topologies, and geometries and can incorporate functional groups to enhance preferential binding of guest substrates via optimised pore shapes/diameters for molecular separation. 2 We have developed 3 a series of framework materials employing linear tetracarboxylate linkers and {Cu 2 (COO) 4 } paddlewheel units 3 to generate foftype 4 networks. 4 The assembly of isophthalate (benzene-3,5-dicarboxylate) units within tetracarboxylate linkers with {Cu 2 (COO) 4 } paddlewheels generates two-dimensional Kagomé lattices, which are pillared by the aromatic backbones of these linkers. Two types of cage structures are formed within this assembly: Cage A, an ellipsoid-shaped cage formed by six linkers and two triangular {(Cu 2 ) 3 (isophthalate) 3 } windows at the two ends, with a larger hexagonal {(Cu 2 ) 6 (isophthalate) 6 } core structure, and Cage B, a more cylindrical cage formed also by six linkers and two triangular {(Cu 2 ) 3 (isophthalate) 3 } windows. These materials show high porosity and high H 2 and CH 4 storage capacity, with the porosity, storage capacity and binding energies with H 2 and CH 4 being tuned by modification of the organic linkers. 3 Elongation of the linear tetracarboxylate units can increase the porosity of the resultant structures, 3b but network interpenetration in these fof-systems can occur when the linker is lengthened beyond a certain point. Thus, development of highly porous and non-interpenetrated structures in these systems remains a challenge. 5 There are several strategies for building non-interpenetrated networks with large organic linkers: (i) building networks with intrinsically noninterpenetrating topologies such as rht 6 and flu 7 , (ii) optimising the synthesis of MOF materials using different solvents, conditions and template effects to target preferred non-interpenetrating networks, 8 and (iii) introducing bulky functional groups in the organic units to create steric hindrance.
9
Oligoparaxylenes (OPXs) have been developed as efficient building blocks for the construction of MOFs with Zn(II)/Mg(II) nodes. 10, 11 The methyl substituents present in OPXs increase dramatically the solubility of longer oligomers compared to oligophenylene analogues, which become increasingly less soluble with increasing length over just a few aromatic rings. OPX linkers can thus serve as stable, extended and, most importantly, soluble organic building units or struts. A series of non-interpenetrating MOF-74 analogues have been successfully constructed from 4-carboxylate OPX tectons to give a series of isorecticular Mg(II) frameworks with pore apertures ranging from 1.4 to 9.8 nm. 11 We reasoned that the synthesis of noninterpenetrating fof-type networks structures might be achieved using OPX units serving as linear aromatic backbones to connect two isophthalate units to form extended, yet soluble, tetracarboxylate linkers. We envisaged that frameworks with optimized pore size, geometry and functionality could be accessed by employing such OPX-derived linkers rather than using the more problematic, insoluble oligophenylene units.
It is worth noting that methyl substituents present in the OPX struts can not only create hydrophobic pockets, 3e which can aid gas adsorption and separation, but can also impart a degree of steric bulk within pores.
We (ToF) LC-MS using an ESI source coupled with Agilent 1100 HPLC stack via direct infusion (0.6 mL/min).
Fourier transform infrared (FTIR) spectra were performed on a Nicolet iS5 spectrophotometer using the attenuated total reflectance (ATR) mode. Elemental analyses were carried out on a CE-440 elemental analyser, and thermalgravimetric analyses (TGA) were performed using a TA SDT-600 thermogravimetric analyser under a flow of N 2 (20 mL/min) with a heating rate of 5 °C/min. Powder X-ray diffraction (PXRD) measurements were carried out at room temperature on a PANalytical X'Pert PRO diffractometer with CuKα 1 radiation (λ = 1.5406 Å) at 40 kV, 40 mA with a scan speed of 0.02°/s and a step size of 0.005° in 2θ
( Figure S2 ).
Gas Sorption
Measurements. H 2 , CO 2 and N 2 isotherms were collected using an IGA gravimetric adsorption apparatus (Hiden) in a clean ultra-high-vacuum system with a diaphragm and turbo pumping system. Approximately 120 mg of solvent-exchanged sample was loaded into the sample basket within the adsorption instrument and then degassed under dynamic vacuum at 110 °C for 12 h to obtain the fully desolvated sample. In H 2 adsorption experiments, ultra-pure plus grade H 2 (99.9995%, BOC Gases) was purified further using calcium aluminosilicate and activated carbon adsorbents to remove trace amounts of water and other impurities before introduction into the IGA system. Volumetric CH 4 sorption measurements were performed over the pressure range 0−70 bar using an automatically controlled Sievert's apparatus (PCT-Pro 2000 from Hy-Energy LLC). Low-pressure (< 1 bar) adsorption measurements for C 2 hydrocarbons were performed using an Autosorb 1-MP instrument (Quantachrome Instruments). Ultra-highpurity grade C 2 H 2 , C 2 H 4 and C 2 H 6 were used for adsorption measurements.
The temperature-dependent adsorption data were analyzed using the 165.8, 143.1, 141.6, 139.3, 134.7, 133.9, 132.7, 131.9, 131.6, 131.3, 51.8, 19.9, 19.4 6, 141.8, 140.5, 138.3, 133.7, 133.3, 131.9, 131.6, 131.4, 131.0, 128.5, 19.6, 19. (125 MHz, CDCl 3 , ppm): δ (one signal could not be detected because of the signal overlap) 166. 4, 142.8, 142.7, 142.1, 138.2, 134.4, 131.4, 131.2, 130.6, 129.2, 83.6, 52.6, 25.0, 21.8, 19.7 and H 2 O (4 mL) was heated at reflux under Ar for 38 h before it was cooled to room temperature, and the 165. 83, 165.82, 143.1, 142.0, 141.9, 140.83, 140.80, 139.22, 139.21, 134.8, 134.0, 133.9, 133.3, 132.7, 132.6, 132.11, 132.06, 131.6, 131.31, 131.25, 131.2, 129.5, 51.80, 51.79, 19.91, 19.90, 19.64, 19.62, 19.44, 19. 140.82, 140.79, 139.6, 138.2, 133.7, 133.27, 133.26, 132.39, 132.38, 131.9, 131.8, 131.5, 130.9, 130.50, 130.46, 128.5, 19.54, 19.45, 19.2, 19.1, 18.9 X-ray Crystallographic Analyses. Single-crystal diffraction data for MFM-130 were collected at 150 (2) K on a Bruker SMART APEX CCD area detector using graphite monochromated Mo-Kα radiation. Data for MFM-131 were collected at beamline I19 at Diamond Synchrotron Light Source. The details for data collection are included in the CIF files in the Supporting Information. The structures were solved by the direct method and refined by full-matrix least-squares methods on F 2 using the SHELX-2013 program package. 14 Hydrogen atoms on the ligands were placed geometrically and refined using a riding model, and the hydrogen atoms of the coordinated water molecules could not be located but are included in the formula.
"DFIX", "SADI", and "PART" commands were used to deal with the disorder of the paraxylene moieties in the structures. The SQUEEZE option of PLATON 15 was used to eliminate the contribution of disordered guest molecules to the reflection intensities.
Results and Discussion
Single confirmed by elemental analysis, single crystal X-ray structure determinations, and by thermal gravimetric analysis (TGA) ( Figure S1 ). The phase purity of the two bulk crystalline solids was confirmed by powder Xray diffraction and Le Bail analyses (PXRD, Figure S2 
Stabilities of MFM-130 and MFM-131 and Mechanical Property Calculations.
The activation of assynthesised MFM-130 and MFM-131 were investigated for subsequent gas adsorption studies. Both materials were exchanged with acetone for 24 h before being dried under vacuum at 110 o C to afford the desolvated samples MFM-130a and MFM-131a, respectively. MFM-130a maintained crystallinity after the thermal treatment under vacuum as confirmed by the PXRD analysis ( Figure S2 ). However, MFM-131 after the desolvation process (using both thermal treatment and supercritical CO 2 drying) showed almost complete loss of crystallinity, indicating an inherent instability upon desolvation. In order to understand and rationalize the reasons behind the distinct behaviors of MFM-130 and MFM-131 upon desolvation, we calculated the mechanical properties of both structures in the elastic regime (see Supporting Information). 16, 17 The secondorder elastic stiffness tensors are shown in Figures S4 S7 and S8S5 , and a summary of their average and directional elastic properties are presented in Table 1 . It can be observed that both structures have relatively similar mechanical features (due to their isostructural nature), including a marked anisotropy with stiffer directions (as defined by high Young's modulus) along or near the c axis which is, on average, the principal axis of the organic linkers. Surprisingly, both structures display remarkable negative linear compressibility along the c axis (-59.9 TPa -1 for MFM-130 and -67.6 TPa -1 for MFM-131, respectively), which we attribute to a hinging mechanism in the fof topology. 18 The isosteric heat of adsorption for H 2 in MFM-130a was calculated to be 6.6 kJ/mol at zero coverage using the Virial method, higher than those for NOTT-102a, NOTT-110a and NOTT-111a, confirming that the methyl groups in MFM-130a can increase the overlapping potential for H 2 molecules. CH 4 storage has been widely studied due to the importance of natural gas as a promising alternative to petroleum-based fuels for mobile applications. 23 The CH 4 adsorption isotherms for MFM-130a have been measured at 298 and 273 K up to 20 bar using the same gravimetric method as for the H 2 measurements ( Figure S3S6 ). MFM-130a can adsorb a total of 6.9 mmol/g (154 cm 3 (STP)/g) of CH 4 at 298 K and 20 bar, which is moderate compared to other Cu(II)-based MOF materials with high CH 4 capacities ( Table 2) 254 cm 3 (STP)/g) than highly porous MOFs such as NOTT-119 6e and NU-111, 24 it exhibits higher volumetric CH 4 capacity (excess: 141 cm 3 (STP)/cm 3 ; total: 163 cm 3 (STP)/cm 3 , Table 2 ). The deliverable CH 4 capacity is also an important factor when considering a material for practical on-board CH 4 The CO 2 and N 2 adsorption isotherms for MFM-130a were also measured in the pressure range of 0-1 bar at 298 and 273 K (Figure 8 Hydrocarbon Adsorption and Selevtivies in MFM-130a. Light hydrocarbons (C 1 -C 3 ) are important raw chemicals for various industrial applications, and the separation of the pure components from mixtures involves energy-intensive cryogenic distillation processes. 27 In particular, separation of C 2 hydrocarbons from CH 4 is an important industrial process for purification of CH 4 , and adsorptive separation has provided an efficient and energy-economic way for these separation tasks. 28 Several MOFs have been realised for their potential excellent selectivities of C 2 hydrocarbons over CH 4 due to the fine control of pore size/shape and the presence of strong C 2 s C 2 hydrocarbons binding sites in the MOF structures. 29 Although MOFs with pore sizes comparable to the kinetic diameters (3.3 -4.4 Å) of C 2 hydrocarbons show enhanced C 2 /C 1 selectivities, 29b,29c they typically suffer from low separation capacities. Therefore, the idealised MOFs for this separation purpose should be the ones showing optimised pore sizes and moderately high porosity, and at the same time, high affinities to C 2 hydrocarbons. Accordingly, pure-component C 2 H 2 , C 2 H 4 and C 2 H 6 isotherms for MFM-130a were collected at ambient temperatures ( Figure 9 ). MFM-130a shows moderately high C 2 H 2 uptakes of 144 cm 3 (STP)/g at 273 K and 85.9 cm 3 /g at 298 K and 1 bar. at 273 K and 10.1 at 298 K. This is consistent with the fact that the interactions of saturated C 2 H 6 with the framework is solely based on van der Waals interactions and the selective adsorption of C 2 H 6 over CH 4 is mainly based on the size effect of the adsorbates. Importantly, MFM-130a shows high selectivities for C 2 H 2 and C 2 H 4 over CH 4 of 66.5, 60.0 at 273 K and 34.7, 30. 3 at 298 K, respectively. Thus, MFM-130a represents a rare example of a framework material showing simultaneously high C 2 hydrocarbons adsorption capacities and high C 2 hydrocarbons/CH 4 selectivities at ambient temperature.
Conclusions
In summary, we have successfully synthesised two linear tetracarboxylate linkers comprising paraxylene units and the respective {Cu 2 (COO) 4 }-based fof-type networks MFM-130 and MFM-131. Both these frameworks are non-interpenetrating despite the extra-long organic linkers used and comprise Kagomé lattice layers pillared by the organic oligoparaxylene backbones. In these structures, the paraxylene moieties adjacent to the isothphalate units significantly reduce the accessible openings of windows in the Kagomé lattice layers, thus effectively preventing interpenetration by two networks. This study provides a novel and efficient way for generating non-interpenetrating structures by using paraxylene units as building blocks for organic struts. The mechanical properties calculations of these two MOFs revealed that MFM-131 shows lower average Young's and shear moduli than MFM-130, explaining its instability upon desolvation.
Desolvated framework MFM-130a, densely decorated with methyl groups, shows moderately high porosity with BET surface area of 2173 m 2 /g and pore volume of 1.0 cm 3 /g, with high H 2 uptake capacities at both low and high pressures (2.2 wt% at 1 bar; 5.3 wt% at 20 bar), albeit at low temperature (77 K). The observed increased isosteric adsorption for H 2 in MFM-130a compared to its structural analogues NOTT-102a, NOTT110a and NOTT-111a clearly indicates that the methyl functionality can enhance the H 2 -framework interactions. MFM-130a also shows high volumetric CH 4 adsorption (total 163 cm 3 (STP)/cm 3 at 35 bar) and deliverable (131 cm 3 /cm 3 from 65 to 5 bar) capacities at room temperature. Furthermore, the high CO 2 vs N 2 , C 2 H 2 vs CH 4 and C 2 H 4 vs CH 4 selectivities revealed by MFM-130a suggest it to be a promising material for potential carbon capture and natural gas purification applications.
Supporting Information
Crystallographic data for MFM-130 and MFM-131, TGA, PXRD analyses, gas adsorption isotherms and Virial fitting parameters, and theoretical calculations.
3,5-Dicarboxylate (isophthalate) oligoparaxylenes serve as excellent building units to form porous non-interpenetrating fof networks with Cu(II) despite the extra-long organic linker used; gas uptake and selectivities are discussed.
